spond to intrinsically programmed developmental cues
to effect the differential growth that shapes tissues and organs during development (see Edgar, 1999; Stocker and Hafen, 2000; Weinkove and Leevers, 2000 for reviews).
Here we address the possibility that Drosophila's Inr/ PI3K signaling system is used for nutritional control during larval development, when most of the organism's growth takes place. The differentiated tissues that constitute the bulk of the larva use a modified cell cycle, the endoreplication cycle. This cycle employs successive rounds of DNA synthesis without intervening mitoses, generating polyploid cells (Edgar and Orr-Weaver, 2001). As a result, growth of the larva-specific tissues is achieved by increases in cell size, rather than by increases in cell number. Endoreplication cell cycles occur in the gut, fat body, salivary glands, malpighian (renal) tubules, trachea, and epidermis, and are required for growth of all of these organs and the organism as a whole. Our previous studies showed that cell growth and DNA replication in the endoreplicating tissues (ERTs) are tightly regulated in response to nutrition, occurring only when animals are fed a proteinaceous diet (Britton and Edgar, 1998). These studies also suggested that the rapid cell cycle shutdown that occurs in the ERTs when larvae are starved of protein is due to the loss of circulating growth factors, rather than to starvation for amino acids at the cellular level. The identity of these nutritionally responsive growth factors, however, was unknown. The studies detailed below reveal an essential role for Inr/PI3K signaling in controlling the growth of all of the polyploid larval tissues, and indicate that Drosophila use this signaling system to coordinate cellular metabolism with diet. 
Results
Suppressing Inr/PI3K signaling in the fat body using the Adh-Gal4 driver (A) or ubiquitously using Act-Gal4 (B) inhibits larval growth Inhibiting PI3K Arrests ERT Cell Growth and phenocopies starvation. Growth of animals overexpressing and Phenocopies Starvation UAS-p60, UAS-⌬p60, or UAS-PTEN under control of these drivers was monitored and compared to the growth of control animals that To test whether PI3K is required for larval growth, we carried no UAS transgene. The animals shown were raised in parallel inhibited its activity by expressing p60, ⌬p60, or PTEN and are shown at 5 days after egg deposition (AED). (C) and (CЈ) in large domains of the larva using the Gal4/UAS system.
show an L3 fat body in which PI3K activity was suppressed in p60 is an adaptor that couples Inr to Dp110, and ⌬p60 the ActϾCD2ϾGal4 and hs-Flp transgenes to activate UAS-linked target genes, including the cell marker UAS-(expressed ubiquitously) or Adh-Gal4 (expressed predominantly in fat body), larvae remained growth arrested GFPnls, in cell clones. Heat shock-independent activation of Gal4 occurred prior to the onset of larval growth in the first instar for as long as 2 weeks ( Figures 1A, 1B , and 7B). ⌬p60 and PTEN had similar effects. Dissection and DNA endoreplication in 1%-10% of cells (depending on organ) in the fat body, gut, salivary glands, renal of these animals revealed that all of their tissues and organs were proportionally reduced (data not shown).
(malpigian) tubules, and epidermis (see Experimental Procedures). Cells overexpressing p60, ⌬p60, or PTEN This developmental arrest is indistinguishable from the effects of starvation or inhibition of protein synthesis in the salivary glands and fat body were greatly reduced in size and had much smaller nuclei with far less DNA (Britton and Edgar, 1998; Galloni and Edgar, 1999).
To test whether PI3K was autonomously required for than adjacent control cells ( Figures 1C, 1D , 3H, and 3I). Similar effects were observed in other larval tissues but it was also present in the cytoplasm and nucleus. When these cells were cultured for 4 hr without serum (data not shown). Despite their reduced growth, p60-, and thus deprived of insulin, membrane localization of ⌬p60-, and PTEN-expressing cells were found at ap-GPH was reduced. Under these conditions, GPH was proximately the same frequencies as control GFPlargely cytoplasmic and nuclear ( Figure 2C, left) . When marked cells. Apoptotic cells were not observed. Thus, serum-starved cells were treated with 200 nM insulin, reductions in PI3K activity were not incompatible with GPH was recruited to the membrane within 2 min (Figure cell viability. Overt effects on cell morphology that might 2C, middle). To verify that membrane recruitment in rereflect changes in cell adhesion, motility, or identity were sponse to insulin reflected PI3K activity, insulin-stimualso not observed. We conclude that reducing Inr/PI3K lated cells were subsequently treated with 100 nM wortactivity in the differentiated tissues of the larva has cellmannin, a specific inhibitor of PI3K activity. This caused autonomous effects that are limited to reducing cell membrane localization of GPH to rapidly be lost, producgrowth and DNA replication.
ing cells that resembled those starved for serum ( Figure  2C , right).
PI3K Activity Is Nutritionally Regulated
For in vivo studies, the GPH gene was placed under These observations and data from the literature (see control of the Drosophila ␤-tubulin promotor, generating Stocker and Hafen, 2000) suggested that PI3K activity a gene called "tGPH" (tubulin-GPH; Figure 2B ), and inmight be responsive to nutritional conditions. To directly troduced into Drosophila by P To test whether tGPH localization was responsive to PI3K activity in vivo, we overexpressed Inr or Dp110 cells, some GPH was localized to the cell membrane, using the Gal4 system. Either gene caused a striking redistribution of tGPH to plasma membranes in cells of the fat body, epidermis, malpighian tubules, gut, and imaginal discs ( Figures 3A, 3E , and 3G and data not shown). To determine whether endogenous PI3K was responsible for the membrane localization of tGPH, we suppressed PI3K activity by expressing p60 with the heat-inducible driver hs-Gal4. In the larval epidermis, partial loss of membrane-bound tGPH was apparent 1.5 hr post-heat shock (phs), and by 4 hr, phs tGPH was lost from cell membranes nearly completely ( Figure 3C ). Similar results were obtained in the fat body when either p60 or dPTEN were expressed mosaically using the Flp/ Gal4 method ( Figure 3I ).
We also tested the ability of other growth-promoting genes to recruit tGPH to plasma membranes. To determine whether PI3K activity is nutritionally modulated, we monitored tGPH localization after starvation ( Figure 4 ). Early L2 larvae (48-60 hr AED) were deprived of dietary protein by culture on either 20% sucrose or Sang's defined media lacking casein (Sang, 1978) . These treatments arrest cell growth in all of the differentiated larval tissues (Britton and Edgar, 1998). L2 larvae fed on either protein-free diet survived for up to 14 days, but a marked shrinkage of cells in the epidermis and fat body was observed. In the epidermis of early L2 larvae, culture on either protein-free diet caused membrane-bound tGPH to be diminished after 24 hr, and to be nearly undetectable after 48 hr ( Figures  4A and 4B ). Levels of total tGPH also decreased after protein deprivation, but nuclear and cytoplasmic tGPH remained detectable for more than 6 days. Loss of membrane-associated tGPH also occurred in fat body cells of protein-deprived L2 larvae, with similar kinetics (Figure 4) . Starvation caused shrinkage of the nuclei and nonlipid cytoplasm in fat body cells, leaving large tGPH- Figures 6E-6G) . In summary, activation of the Inr/PI3K pathway has profound effects on cytoplasmic composition. These effects mimic changes in the fat body that normally take place late in the L3 stage when nutrient storage by these cells is maximal. Suppression of Inr/PI3K activity has opposite effects on cytoplasmic composition, and these appear to mimic the mobilization of nutrients that normally accompanies starvation. pressing PI3K activity by expressing p60, ⌬p60, PTEN, Expression of Inr or PI3K in fat body cells increased or Dp110 D945A using Adh-Gal4, en-Gal4, or even Act-Gal4 the opacity of the cytoplasm, and thus promoted nutrihad no effect on viability under starvation conditions ent storage (Figures 6AЈ and 6BЈ) . A similar cytoplasmic ( Figures 1A, 1B , and 7C and data not shown). Animals effect was observed in intestinal cells from L1 animals overexpressing another growth-promoting gene, dmyc, (Figure 6DЈ ). Close inspection revealed that in both cell under the control of Adh-Gal4 or en-Gal4, were not startypes, ectopic Inr or PI3K decreased the size of promivation sensitive ( Figure 7C ). These results suggest that nent vesicles in the cytoplasm ( Figures 6DЈ and 6E-6G) . the starvation sensitivity caused by high Inr/PI3K activity Induction of p60 in early L3 larvae had opposite effects, is specifically related to nutrient uptake and storage, causing fat body cells to become more translucent (Fig- functions that appear to be unique to Inr and PI3K. ure 6CЈ). We also observed a loss of opacity in fat bodies from Dp110 mutants (data not shown) after their growth These results demonstrate that downregulation of Inr/ In performing these experiments, we noticed that larvae that overexpressed Inr or Dp110 wandered away from observations made in starved tGPH larvae that overexpressed Dp110 in posterior compartment epidermal their food. To more carefully analyze this phenotype, animals expressing various PI3K signaling components cells (genotype, en-Gal4 UAS-Dp110 tGPH). In these animals, high levels of membrane-bound tGPH perunder Adh-Gal4 control were cultured on agar plates with red-colored food (yeast paste) in the center for ‫42ف‬ sisted in Dp110-expressing (posterior; P) epidermal cells until 2 days after nutrient withdrawal ( Figure 4J, "P") , at hr after hatching. These animals were then scored for the presence of red food in the gut as well as their which point the animals died. In anterior (A) cells, which did not overexpress Dp110, tGPH was completely lost proximity to the food source. Animals overexpressing Inr, Dp110, or Dp110 CAAX fed poorly (i.e., often had no from plasma membranes within 18 hr after nutrient deprivation ( Figure 4I, "A") , and tGPH protein became undefood in the gut) and frequently wandered away from their food ( Figure 7D ). Similar aberrant behaviors were tectable by 36 hr ( Figure 4J, "A" ). This is a much more rapid starvation response than observed in animals that observed when Dp110 was expressed ubiquitously using Flp/Gal4, in which case nearly all animals wandered did not contain Dp110-expressing cells (Figures 4A and  4B) . Anterior epidermal cells also shrank rapidly during out of the food and pupated precociously. Thus, elevated levels of Inr/PI3K signaling alter larval feeding starvation, whereas posterior, Dp110-expressing cells maintained their large size. These effects might result behavior, perhaps by affecting the animal's perceived level of hunger. from the rapid depletion of nutrients by the PI3K-
Constitutive Inr/PI3K Signaling Confers Starvation Sensitivity

Discussion
Insulin/PI3K Signaling in Nutritional Regulation
Terminally differentiated endoreplicating tissues (ERTs) constitute most of a Drosophila larva, and the growth of these tissues accounts for virtually all of the ‫-002ف‬ fold mass increase sustained by the animal during the larval stages. During larval life, the ERTs provide a physiologically nurturing environment for undifferentiated imaginal cells and neuroblasts, which generate much of the reproductive adult stage. Most of the biomass accumulated in the ERTs is eventually recycled into these progenitor cells as they form the adult. Previously, we reported that growth and cell cycle progression in the ERTs is dependent upon the continuous influx of dietary protein, whereas proliferation of imaginal cells and neuroblasts is largely independent of ongoing nutrition (Britton and Edgar, 1998). Organ culture experiments suggested that the cell cycle shutdown that occurs in the ERTs when larvae are deprived of protein is due to the loss of circulating growth factors, rather than to starvation for amino acids at the cell level. We tested whether signaling via known pathways involving Notch, Hedgehog, Wingless, DPP, EGF/ras, FGF, and Jak/Stat might be important in promoting growth or cell cycle progression in the ERTs. None of these pathways, however, appeared to be required (Britton, 2000; Britton and Edgar, 1998).
Here we provide evidence that Inr/PI3K signaling coordinates nutritional status with ERT cell metabolism and growth. Three essential findings support this thesis: (1) inhibition of PI3K activity suppresses ERT cell growth and specifically phenocopies starvation; (2) ectopic induction of Inr or PI3K is sufficient to drive cell growth in the ERTs even in starved animals; and (3) PI3K activity in several ERTs is modulated in response to nutrition. These findings and others reported in the literature (see Edgar, 1999; Stocker and Hafen, 2000; Weinkove and Leevers, 2000, for reviews) may be understood according to a paradigm in which nutrient intake leads to the stimulation of insulin receptors and PI3K activity, and this in turn promotes anabolic metabolism, cell growth, and cell cycle progression. Starvation for protein would be expected to have opposite effects: loss of Inr/PI3K activity, a switch to catabolic metabolism, and cessation of ERT cell growth and cell cycle progression.
Is nutrition sensed in Drosophila at the cell level or by the animal as a whole? Although animal cells can 
This is probably possible because nutrients stored in
ERTs such as the fat body are mobilized during starvathat these CNS cells might be nutritionally regulated tion to maintain levels of haemolymph nutrients. Neverneurosecretory cells, and indeed a precedent for such theless, starvation does cause a rapid, global shutdown a cell type exists in the silk moth, Bombyx mori, where of ERT cell growth, and thus some essential signal is injected glucose can trigger the release of an insulin-like lost.
peptide from the corpora cardiaca, a CNS-associated One factor that all animal cells use for nutritional sensneurosecretory organ (Masumura et al., 2000) . Nutritioning is TOR (target of rapamycin), a protein kinase that independent expression of some of the dILPs in the mediates diverse effects on cell metabolism including CNS and imaginal discs also seems plausible, however. protein synthesis, amino acid import, ribosome biogeneLocal organ-autonomous dILP signaling might explain sis, and autophagy ( This glycogen can be mobilized in response to exercise ent-dependent checkpoint for metabolism, the larva's or starvation. In Drosophila larvae, hyperactivation of physiology is so effective in buffering cells against absothe Inr/PI3K pathway leads to increased accumulation lute starvation that this checkpoint is rarely if ever fully of nutrients in the fat body (Figure 6 ), an organ that engaged. TOR is found in fungi and plants and so seems resembles the mammalian liver as the principal site of to be a metabolic regulator that was used prior to the stored glycogen (Wigglesworth, 1949). Conversely, inhiadvent of multicellularity. Insulin signaling, which is abbition of PI3K activity depletes stored nutrients from the sent from fungi and plants, probably evolved later when fat body, as does starvation. This suggests that like multicellular animals required a system to coordinate mammals, insects regulate storage of metabolites in and fine-tune metabolism in communities of cells. The response to changes in levels of Inr/PI3K signaling. Diinsulin system is clearly advantageous, since animals in rect assays of the levels of carbohydrates, storage prowhich it is "short-circuited" by hyperactivation of Inr or teins, and lipids in the fat body after starvation or manip-PI3K are unable to tolerate even brief periods of starvaulation of Inr/PI3K activity should prove informative. tion ( Figure 7C ).
Our most direct evidence that insulin signaling is nutriWhile there are as yet no known Drosophila homologs tionally controlled was obtained using a cellular indicaof glucagons, there must be some mechanism by which tor of PI3K activity, tGPH, which is recruited to plasma stored resources can be mobilized during starvation or membranes by the second messenger product of PI3K, at the transition from feeding to metamorphosis. PIP 3 . Subcellular tGPH distributions indicated that PIP 3 levels are high in many cell types in fed larvae, but low Larval Physiology and Feeding Behavior in larvae that had been starved for protein.
Although
In addition to striking cell-autonomous effects, hyperacthese changes in PIP 3 levels might be due to altered tivation of Inr/PI3K signaling had nonautonomous efexpression of Inr, PI3K, or PTEN, expression profiling fects on larval physiology and behavior. Expression of experiments using cDNA microarrays indicate that leveither PI3K or Inr in the fat body or throughout the animal els of p60 and Dp110 mRNA are not depressed in L2
caused Drosophila larvae to eat less and wander away larvae that had been deprived of protein for 4 days (L.L. from their food. In several cases, this defect was so and B.A.E., unpublished data). Perhaps the most attracsevere that many of the animals perished from starvative explanation for the apparent loss of PIP 3 upon startion. Although genes affecting feeding behavior in Drovation is that some of the seven Drosophila insulin-like sophila have been described (Zinke et al., 1999) , the peptides (dILPs) are produced in a nutrition-dependent relevant physiological mechanisms remain poorly unfashion. Several of the dilp genes are expressed in the derstood. The aberrant feeding behaviors we observed larval gut (Brogiolo et al., 2001 ) which, as the conduit after hyperactivating Inr/PI3K activity in the fat body of nutritional influx, might be expected to mediate metamight derive from several different types of physiological bolic responses to feeding throughout the animal. Other imbalance. One possibility is that activation of PI3K dilps are expressed in the salivary glands, imaginal causes the larva to perceive that it is well fed and satidiscs, and small numbers of cells in the central nervous system (Brogiolo et al., 2001 ). It has been suggested ated. This might mimic the physiological state in late L3
